Recently, it has been shown that signal-induced degradation of IB␣ is mediated by the ubiquitin (Ub)-*ProScript, Incorporated proteasome pathway (Chen et al., 1995; Scherer et al., 38 Sidney Street 1995; Alkalay et al., 1995b bond between the C-terminal glycine residue of Ub and NF-B requires specific phosphorylation of the inhibithe ⑀-amino group of one or more lysine residues of the tor IB␣ and its subsequent proteolytic degradation.
Introduction role in the stress response (Seufert and Jentsch, 1990) . Homologs of Ubc4/Ubc5 mediate the ubiquitination of Regulation of the immune and inflammatory responses the p53 protein in conjunction with the human papilloma requires the activation of specific sets of genes by a virus type 16 E6-E6-AP complex, which functions as an variety of extracellular signals. These signals include E3 (Scheffner et al., 1993) . These E2s have also been mitogens (e.g., lipopolysaccharide and phorbol myrisimplicated in the ubiquitination of the MAT␣2 repressor tate acetate), cytokines (e.g., tumor necrosis factor ␣ (Chen et al., 1993 ), cyclin B (King et al., 1995 , and the and interleukin-1␤), viral proteins (e.g., the Tax protein NF-B precursor protein p105 . The of type 1 human T cell leukemia virus), antigens, phosinvolvement of Ubc4/Ubc5 in the ubiquitination of such phatase inhibitors (e.g., okadaic acid and calyculin A), diverse substrates indicates that these E2s alone cannot and ultraviolet light. The Rel/NF-B family of transcripconfer substrate specificity. However, they may act totional activator proteins plays an essential role in the gether with specific E3s to recognize specific subsignal transduction pathways that link these signals to strates. Although relatively few E3s have been identified gene activation (reviewed by Siebenlist et al., 1994;  thus far, the existence of a large family of these proteins Thanos and Maniatis, 1995; Finco and Baldwin, 1995;  is likely (Huibregtse et al., 1995) . Verma et al., 1995) . ) and other Ubiquitination of IB␣ is regulated by signal-induced heterodimeric Rel family proteins are sequestered in the phosphorylation at two specific residues, serine resicytoplasm through their association with IB␣ or IB␤, dues 32 and 36 (Chen et al., 1995) . Single amino acid members of the IB family of inhibitor proteins. In the substitutions of one or both of these residues abolish case of IB␣, and most likely IB␤, stimulation of cells the signal-induced phosphorylation and degradation of leads to rapid phosphorylation and degradation of the IB␣ in vivo (Brown et al., 1995;  inhibitor. Consequently, NF-B is released and translo- Traenckner et al., 1995; Whiteside et al., 1995) . The same cates into the nucleus, where it activates the expression mutations also abolish the okadaic acid-induced phosof target genes. Phosphorylation of IB␣ per se is not phorylation and ubiquitination of IB␣ in vitro (Chen et sufficient to dissociate NF-B from the latent complex al. , 1995) . Relatively little is known about the signal trans- (Palombella et al., 1994; Traenckner et al., 1994; duction pathways and the kinase(s) responsible for the et Miyamoto et al., 1994; Lin et al., 1995;  Alkalay site-specific phosphorylation of IB␣. Mutants of IB␣ et al., 1995a; DiDonato et al., 1995) . Rather, phosphorylacking S32 and S36 are resistant to induced phosphorylation triggers the degradation of IB␣ (Brown et al., lation by a variety of stimuli, suggesting that different 1995; Traenckner et al., 1995;  signal transduction pathways converge on a specific kinase or kinases. Although several kinases have been Whiteside et al., 1995) . implicated in the phosphorylation of IB␣, none has been shown to phosphorylate S32 and S36 (reviewed by Siebenlist et al., 1994; Verma et al., 1995) . Thus, the identification of a bona fide IB␣ kinase has remained elusive.
We previously reported the establishment of an in vitro system for signal-induced phosphorylation and ubiquitination of IB␣ (Chen et al., 1995) . In an effort to identify and purify the proteins involved in these processes, we have fractionated HeLa cell cytoplasmic extracts and assayed for specific phosphorylation and ubiquitination of IB␣. Here we report the identification of a high molecular mass kinase complex that specifically phosphorylates IB␣ at S32 and S36. Surprisingly, Ubc4/Ubc5, Ub, and E1 are not only involved in the 
Ubc4 Is Required for the Ubiquitination of IB␣ In Vitro
did not mediate the ubiquitination of IB␣ in conjunction with fraction II (Figure 1 , lanes 5 and 6). Recombinant We previously demonstrated that the phosphatase inhibitor okadaic acid induces the phosphorylation and human Ubc5 (Ubch5) also supported the ubiquitination of IB␣ when added together with fraction II (data not ubiquitination of in vitro translated IB␣ in HeLa cell cytoplasmic extracts (Chen et al., 1995) . To identify the shown). We conclude that the E2 required for ubiquitination of IB␣ in HeLa cell extracts belongs to the Ubc4/ enzymes involved in the in vitro ubiquitination of IB␣, we separated the cytoplasmic extracts into two fractions Ubc5 family of E2s. Recently, another member of the Ubc4/Ubc5 family (E2-F1) has been shown to be reby Mono Q ion-exchange chromatography (see Experimental Procedures). Fraction I is the Mono Q column quired for the degradation of IB␣ in vitro (Alkalay et al., 1995b ). An important implication of our results is flowthrough, while fraction II is the 0.5 M KCl eluate. Each fraction was assayed for its ability to support the that fraction II contains both the kinase and the E3 necessary for the phosphorylation and ubiquitination of ubiquitination of IB␣. The reaction mixture contained in vitro translated 35 S-labeled IB␣, an ATP regenerating IB␣. system, E1, Ub, Ub aldehyde (to inhibit isopeptidases), and okadaic acid (Chen et al., 1995) .
A High Molecular Mass Complex Phosphorylates IB␣ at Serine Residues 32 and 36 Neither fraction alone was sufficient to support the ubiquitination of IB␣ (Figure 1, lanes 3 and 7) . However, Fraction II was subjected to further purification as a means of identifying the IB␣ kinase and E3. Since phoswhen fraction I was mixed with fraction II, multiubiquitination of IB␣ was observed (Figure 1, lane 8) . Fraction phorylation of IB␣ at serine residues 32 and 36 is a prerequisite for its ubiquitination (Chen et al., 1995) , we I is known to contain a subfamily of E2s called Ubc4/ Ubc5, whereas fraction II contains all other known E2s first focused on identifying the kinase (characterization of the E3 activity is in progress). To assay the kinase (Pickart and Rose, 1985) . We therefore carried out experiments to determine whether recombinant yeast activity, we took advantage of the observation that signal-induced phosphorylation of 35 S-labeled IB␣ leads Ubc4 can substitute for fraction I in catalyzing the ubiquitination of IB␣. Yeast Ubc4 alone catalyzed the forto a reduction in its electrophoretic mobility on SDSpolyacrylamide gels (Chen et al., 1995) . Fraction II was mation of low molecular mass ubiquitinated conjugates of IB␣ (Figure 1, lane 2) . The E3-independent formation separated by Mono Q fast performance liquid chromatography (FPLC) into five fractions using isocratic elution of low molecular mass conjugates catalyzed by certain E2s was previously reported (Pickart and Rose, 1985) .
with 0.1-0.5 M KCl. The IB␣ kinase activity was detected in the 0.3 M fraction (data not shown). This The biological significance of this ubiquitination is not clear, since these conjugates are not degraded by the fraction was concentrated by ammonium sulfate (40%) precipitation, resuspended, and fractionated by size ex-26S proteasome (Hershko and Heller, 1985) . Only protein substrates conjugated to a multi-Ub chain are recogclusion chromatography on Superdex-200 ( Figure 2A ). The peak of the IB␣ kinase activity eluted in fraction nized and degraded by the 26S proteasome (Chau et al., 1989) . When recombinant Ubc4 is added together 19, corresponding to an apparent molecular mass of approximately 700 kDa. To rule out the possibility that with fraction II, multiubiquitination of IB␣ is reconstituted (Figure 1, lane 4) . As a control, a mock Escherichia the large size is due to aggregation, the kinase-containing fractions were further fractionated on Mono Q coli extract or recombinant Ubc3 (also called Cdc34) with a linear gradient of 0.15-0.4 M NaCl, and the peak 32 and 36), and S32E/S36E (serine to glutamic acid substitutions at residues 32 and 36) . activity was pooled and resized on Superdex-200.
As shown in Figure 2B , the peak of kinase activity As shown in Figure 2C , phosphorylation of wild-type IB␣ resulted in a reduction in the electrophoretic mobilagain eluted in fraction 19. Ovalbumin, which was included as a carrier protein, eluted in a fraction correity (lane 2). By contrast, incubation of the mutant IB␣ proteins with the kinase fraction did not lead to a change sponding to its expected molecular mass (43 kDa). Thus, the apparent high molecular mass of the kinase is not in electrophoretic mobility ( Figure 2C , lanes 4, 6, and 8).
The S32E/S36E mutant exhibited a decreased electrodue to the formation of nonspecific aggregates. When the kinase-containing fraction was analyzed on a native phoretic mobility (due to the two negative charges), which was unaffected by the kinase activity. polyacrylamide gel by silver staining, three predominant high molecular mass bands were observed (data not
Although the results shown in Figure 2C strongly suggest that the kinase phosphorylates IB␣ at serine resishown). Although the molecular masses of these complexes cannot be accurately estimated on the native gel dues 32 and 36, there is a remote possibility that these two serine residues function as an "anchor" site for the system, the bands migrated with mobilities corresponding to masses of approximately 700 kDa, consistent kinase and phosphorylation actually occurs elsewhere. To rule out this possibility, we removed the N-terminal with the size predicted by gel filtration. On SDSpolyacrylamide gels, these large proteins were sepafragment of the phosphorylated IB␣ with thrombin, which cleaves after residue 62, and examined whether rated into distinct multiple lower molecular mass species (data not shown), suggesting that the kinase is a the N-terminal fragment was still phosphorylated (Figures 2D and 2E) . In Figure 2D , wild-type IB␣ (lanes 3 multisubunit complex. We made use of the active Superdex-200 fractions to investigate the biochemical requireand 4) and the S32A/S36A mutant (lanes 5 and 6) were incubated with the kinase fraction and then analyzed ments for the kinase activity.
A critical test of the specificity of the kinase activity before and after treatment with calf intestinal alkaline phosphatase (CIP). Since both the wild-type and mutant is whether it phosphorylates serine residues 32 and 36 of IB␣. We therefore tested a panel of IB␣ mutants proteins were tagged by a Flag epitope at their N-termini Chen et al., 1995) , we also tested including ⌬N (N-terminal truncation at amino acid 72), S32A/S36A (serine to alanine substitutions at residues wild-type IB␣ that was not epitope tagged (lanes 1 and (lane 6) . Other E2s that were tested include purified recombinant human Ubc2 (lane 7), yeast Ubc4 (lane 8), and GST-Ubch5 (lane 9). In lanes 10 and 11, the active site mutants of human Ubc5 were tested. C85A, the active site cysteine (C85) of Ubc5 was substituted with alanine. C85S, C85 of Ubc5 was changed to serine. No E2 was added in lane 1. (D) Thioester assays of E2s. The E2s and E2 mutants shown in (C) were also tested for their ability to form thioesters with [
125 I]Ub in the presence of E1. The bands corresponding to the thioesters were not detected if the samples were heated in the presence of ␤-mercaptoethanol (data not shown). Figures 2D and 2E ) to ensure that the Flag epitope from rabbit reticulocytes, including E2 of 14 kDa (E214K), E217K, E220K, E225K, and E235K. Remarkably, none of these would not complicate the interpretation of the results.
in
Phosphatase treatment of the phosphorylated wildE2s stimulated the kinase activity ( Figure 3C , lanes 2-6). Similarly, recombinant Ubch2 ( Figure 3C , lane 7) or yeast type IB␣ converted the slower migrating form into the faster migrating form ( Figure 2D , lanes 1-4), and this Ubc3 (data not shown) also failed to stimulate the kinase activity. All of these E2s form thioesters with [ 125 I]Ub in conversion was blocked by phosphatase inhibitors (data not shown). When the thrombin-cleaved N-terminal fragthe presence of E1 and ATP ( Figure 3D ). Therefore, among all E2s tested thus far, Ubc4/Ubc5 has the unique ments from the wild-type protein were analyzed on a 16.5% Tris-tricine gel ( Figure 2E ), the N-terminal fragability to stimulate the IB␣ kinase activity. We next carried out experiments to determine whether ments (approximately 8 kDa) were found to contain phosphoryl groups that could be dephosphorylated with the catalytic activity of E2 proteins is required for their ability to stimulate the IB␣ kinase activity. Specifically, CIP (lanes 1-4). Phosphatase treatment did not alter the electrophoretic mobility of either the intact protein or we substituted the active site cysteine residue of Ubch5 with alanine (C85A) or serine (C85S) and analyzed the the N-terminal fragment of the S32A/S36A mutant (Figures 2D and 2E, lanes 5 and 6), indicating that this mutant effects of these substitutions on E2-dependent IB␣ phosphorylation. As expected, these two mutants were was not phosphorylated at the N-terminus. Since the only residues at the N-terminus of IB␣ that can be defective in forming thioesters with [ 125 I]Ub ( Figure 3D , lanes 10 and 11). Significantly, they also failed to stimuphosphorylated are S32 and S36 (Haskill et al., 1991) , we conclude that phosphorylation of IB␣ by the high late the phosphorylation of IB␣ by the IB␣ kinase ( Figure 3C , lanes 10 and 11). We also found that inactivamolecular mass IB␣ kinase occurs at S32 and S36.
tion of Ubc4 or Ubc5 by N-ethylmaleimide resulted in a loss of IB␣ kinase stimulatory activity (data not shown). Ubc4/Ubc5 Is Required for the Phosphorylation of IB␣ Finally, when C85A or C85S mutants of GST-Ubch5 were added to the phosphorylation reaction in large excess The IB␣ phosphorylation assays were initially carried out under the same conditions as the assays for the (mutant to wild type ratio of 20:1), the Ubc5-dependent phosphorylation of IB␣ was inhibited (data not shown). ubiquitination of IB␣ (i.e., fraction I was always added to the reaction). When fraction I was omitted from the These results show that the Ub-conjugating function of Ubc4/Ubc5 is required for the phosphorylation of IB␣ reaction, we were surprised to find that phosphorylation of IB␣ was markedly reduced ( Figure 3A , lanes 4 and by the IB␣ kinase. 5). As expected, fraction I did not stimulate the phosphorylation of the IB␣ mutant, S32A/S36A ( Figure 3A,  lanes 1 and 2) . The kinase-stimulatory activity of fraction Ub Is Required for the Phosphorylation of IB␣ The unusual requirement for a catalytically active E2 in I could be replaced by purified recombinant yeast Ubc4 or Ubch5 (glutathione S-transferase [GST]-Ubch5) (Fig- the IB␣ kinase assay suggested that Ub, which was present in our assay mixture, might also be required. In ure 3B). The specificity of this E2-stimulatory activity was addressed by testing five other purified E2 proteins fact, we were unable to observe IB␣ phosphorylation 5). However, if Ubc4 and MeUb form a thioester first, followed by the addition of Ub, no phosphorylation of IB␣ is observed, even when Ub is in excess ( Figure 4B , when Ub was not added to the reaction ( Figure 4A , lane lanes 7 and 8). Thus, multiubiquitination appears to be 1). However, significant levels of IB␣ phosphorylation required for the kinase activity. Consistent with this poswere observed in the presence of 1 M Ub ( Figure 4A , sibility, the isopeptidase inhibitor Ub aldehyde enhances lane 4), which is less than the physiological concentrathe phosphorylation of IB␣ in crude extracts (data not tion of Ub (10-20 M; Haas and Bright, 1985) . The conshown). However, this enhancement is not observed centration dependence of the Ub requirement suggests with the more purified kinase fractions, presumably owa highly cooperative behavior, consistent with the possiing to the removal of contaminating isopeptidases. bility that multi-Ub chain formation is necessary for IB␣ phosphorylation (see below).
A number of observations rule out the possibility that Additional Requirements for the Phosphorylation of IB␣ the kinase-stimulatory effect of Ub is due to a contaminant in the Ub preparation (Sigma). First, recombinant
The Ubc4/Ubc5 and Ub requirement for the phosphorylation of IB␣ prompted us to determine whether E1 is Ub (both bovine and yeast) expressed in E. coli stimulate the kinase activity (data not shown); second, when Ub also required for this activity. The IB␣ used in these experiments was translated in a wheat germ extract (Sigma) was further purified by Mono S FPLC, the kinase-stimulatory activity copurified with Ub (data not that contains wheat E1 (data not shown). Thus, it was necessary to isolate IB␣ from the extract by immunoshown); third, methylated Ub (MeUb) does not stimulate the kinase activity, but instead competitively inhibits precipitation. IB␣ was first allowed to associate with recombinant RelA homodimer, and the complex was the Ub-dependent phosphorylation of IB␣ ( Figure 4B ). Previous studies have shown that MeUb can be actithen precipitated with the antisera against RelA. The immunoprecipitates were used directly as a substrate vated by E1, transferred to E2, and then conjugated to protein substrates. However, conjugates containing in the IB␣ phosphorylation assay. As shown in Figure  5A , phosphorylation of IB␣ required the addition of E1 MeUb cannot be multiubiquitinated owing to the lack of free lysine residues in MeUb (Hershko and Heller, 1985) .
or wheat germ extract. This experiment also showed that no other component in the wheat germ extract was When an E2-Ub thioester is first allowed to form between Ubc4 and a low concentration of Ub (2.4 M) and required for the phosphorylation of IB␣.
In our previous studies we found that the phosphatase then mixed with a large excess of MeUb (40 M), the inhibitor okadaic acid was necessary to observe phoskinase was removed from the conjugation reaction (Figure 6C, lanes 8 and 9) . Furthermore, the formation of phorylation and ubiquitination of IB␣ in crude HeLa cell cytoplasmic extracts (Chen et al., 1995) . These extracts these conjugates was significantly reduced by the presence of excess MeUb ( Figure 6C , lane 11). The complete also contained substantial amounts of Rel proteins. Thus, it is possible that IB␣ must be in a complex with inhibition of the kinase activity by MeUb observed in the experiment in Figure 4B was likely the consequence Rel proteins in order to be phosphorylated accurately. For these reasons, all phosphorylation assays described of allowing the E2 to form a thioester with a large excess of MeUb prior to the addition of Ub. The addition of above contain okadaic acid and recombinant RelA homodimers (see Experimental Procedures). Although we MeUb should have resulted in the formation of low molecular mass conjugates by terminating the elongation found that the presence of okadaic acid was necessary to observe IB␣ kinase activity during the early stages of multi-Ub chains. However, these low molecular mass conjugates may not be detectable because [ 125 I]Ub was of kinase purification, it was not required for the activity of the partially purified IB␣ kinase ( Figure 5B, lane 4) .
only a small fraction of the total Ub in the reaction (the ratio of labeled to unlabeled Ub was <1:10). Therefore, Thus, an okadaic acid-sensitive phosphatase must have been removed during the purification of IB␣ kinase. the probability that [ 125 I]Ub is incorporated into a discrete short Ub chain is very low. Taken together, these results We also found RelA is not required for the in vitro phosphorylation of IB␣ ( Figure 5B, lane 3) . This observation support the hypothesis that multiubiquitination of an unknown factor (probably as part of the kinase complex) is consistent with a recent report that the Drosophila IB homolog Cactus undergoes signal-induced degradation is required for the activation of the IB␣ kinase. Since multiubiquitination of protein substrates usually requires (and presumably also phosphorylation) in Drosophila embryos lacking the Rel family protein Dorsal (Belvin et an E3, the IB␣ kinase complex probably contains an E3 activity. The identity of this E3 and the target of al. , 1995) . ubiquitination remains to be determined.
A Ubiquitination Event Activates IB␣ Kinase
Why does phosphorylation of IB␣ by the IB␣ kinase Discussion require E1, Ubc4, or Ubc5 and Ub? One possibility is that ubiquitination of an as yet unidentified factor is Degradation of a number of proteins has been shown necessary for the activation of IB␣ kinase. This possito be induced by phosphorylation (Lin and Desiderio, bility is consistent with the time course of IB␣ phos-1993; Yaglom et al., 1995) and dephosphorylation (Nishiphorylation, which is biphasic: a lag of 6 min followed zawa et al., 1993), and in some cases the Ubby a burst of IB␣ phosphorylation ( Figure 6A , lanes proteasome pathway has been implicated. The inactiva-1-5, and Figure 6B ). This kinetic behavior suggests that tion of IB␣ is a well-characterized example of coupling an additional event precedes kinase activation. To test between phosphorylation and ubiquitination (Chen et this possibility, we preincubated the partially purified al., Scherer et al., 1995; Alkalay et al., 1995b) . We IB␣ kinase with E1, Ubc4, and Ub in the presence of have previously shown that ubiquitination of IB␣ is ATP at 37ЊC for 10 min and then initiated the phosphoryregulated by its phosphorylation at S32 and S36 (Chen lation reaction by the addition of 35 S-labeled IB␣ (Figure et al., 1995) , residues required for the signal-induced 6A, lanes 10-13, and Figure 6B) . Remarkably, the preinphosphorylation and degradation of IB␣ in vivo (Brown cubation eliminated the lag phase of IB␣ phosphorylaet al., 1995; Traenckner et al., tion . When the IB␣ kinase was not added to the prein-1995; Whiteside et al., 1995) . Here we show that a ubiquicubation mixture (Figure 6B ), or when Ub was omitted tination event is required for the activation of an IB␣ from the preincubation mixture ( Figure 6A, lanes 6-9, kinase, which phosphorylates IB␣ at S32 and S36. This and Figure 6B ), the lag phase of IB␣ phosphorylation two-step ubiquitination pathway for IB␣ degradation persisted. The extent of IB␣ phosphorylation was reis illustrated in Figure 7 . The ubiquitination of the IB␣ duced slightly when IB␣ kinase was included in the kinase does not require an exogenous E3, suggesting preincubation mixture (compare lanes 5, 9, and 13 in that the IB␣ kinase complex possesses an E3 activity Figure 6A ). This is probably due to the instability of IB␣ (shown as E3x in Figure 7) . The activated kinase then kinase when incubated at 37ЊC for an additional 10 min.
phosphorylates IB␣, leading to the site-specific ubiquiThese results strongly suggest that the IB␣ kinase was tination of the inhibitor at K21 and K22 (Scherer et al., activated during the preincubation period, most likely 1995). Neither phosphorylation (reviewed by Finco and by a ubiquitination event.
Baldwin, 1995) nor ubiquitination (Chen et al., 1995) reTo demonstrate directly that ubiquitination occurs sults in the dissociation of the IB␣-NF-B complex. during the preincubation reaction, we incubated E1, Ubiquitinated IB␣ on the complex is degraded by the Ubc4, and IB␣ kinase with [
125 I]Ub in the presence of 26S proteasome (Chen et al., 1995) . The E3 required for ATP. As shown in Figure 6C , a time-dependent accumuthe second ubiquitination event (E3y in Figure 7 ) may lation of high molecular mass ubiquitinated conjugates be distinct from E3x, since the partially purified kinase was observed (these conjugates were unable to enter is not capable of ubiquitinating IB␣ in the presence of the 5% stacking gel). The kinetics of conjugate accumu-E1, Ubc4/Ubc5, and Ub (data not shown). By contrast, lation paralleled that of IB␣ phosphorylation only when the same E2, Ubc4/Ubc5, is required for both the phos-IB␣ kinase was preincubated with E1, Ubc4, and Ub phorylation and ubiquitination of IB␣. (compare Figures 6B and 6D ). This observation is conAnother example of the coupling of phosphorylation sistent with the idea that formation of these conjugates and ubiquitination is provided by the ubiquitination of precedes the phosphorylation of IB␣. Conjugate formation was not observed when either Ubc4 or the IB␣ mitotic cyclins by the cyclosome, a 20S complex that 5) . In lanes 10-13, IB␣ kinase was preincubated with E1, Ub, and Ubc4 in the presence of ATP at 37ЊC for 10 min before the addition of 35 S-labeled IB␣, which initiated the phosphorylation reaction. In lanes 6-9, Ub was omitted from the preincubation mixture, but added together with , 3, 6, 10, 20, and 40 min at 37ЊC (lanes 1-6) , the reaction was quenched and analyzed by SDS-PAGE (5% stacking gel, 9% separating gel). In lanes 7-11, the ubiquitination reactions were carried out for 45 min in the presence or absence of Ubc4 or IB␣ kinase, as shown in the figure. In lane 11, MeUb (0.15 mM) was added to the reaction. In lanes 2, 3, and 4, free Ub ran off the gel. NS, nonspecific bands. (D) Kinetics of IB␣ kinase ubiquitination. The high molecular mass conjugates on the top of the gel shown in (C) (lanes 1-6) were quantitated by phosphorimager analysis and expressed as a function of time.
harbors an E3 activity (E3-C; Sudakin et al., 1995; King The kinase activity described here has several properties expected for a bona fide IB␣ kinase. It phosphoryet al., 1995) . The activity of E3-C is dependent on Cdc2, a cyclin-dependent kinase. The activation of E3-C by lates both free IB␣ and IB␣ bound to RelA at serine residues 32 and 36. In addition, IB␣ phosphorylated Cdc2 is indirect, however, since pretreatment of cyclosome with Cdc2 abolishes a lag phase in the ubiquitinaby this kinase remains bound to NF-B (data not shown), a property expected from in vivo studies (reviewed by tion of cyclins. Therefore, a phosphorylation cascade may be propagated from Cdc2 within the cyclosome. Finco and Baldwin, 1995) . This property of the kinase Figure 7 . A Two-Step Ubiquitination Pathway for IB␣ Degradation
Ubiquitination is required for both the activation of the IB␣ kinase complex and the degradation of IB␣. A specific E2, Ubc4/Ubc5, mediates both ubiquitination steps. However, the E3 required for the ubiquitination of IB␣ kinase (E3x) may be distinct from that required for the ubiquitination of IB␣ (E3y). The phosphorylated (indicated by bold P) and ubiquitinated IB␣ (indicated by the branched structure) remains associated with NF-B.
Following ubiquitination, IB␣ is degraded by the 26S proteasome.
is in contrast with previous examples of in vitro IB␣ acid is not required to activate the kinase activity in our phosphorylation, which resulted in the dissociation of most purified fractions ( Figure 5B ). In addition, the IB␣ the NF-B-IB␣ complex (Ghosh and Baltimore, 1990;  kinase was purified from unstimulated HeLa cell ex- Kumar et al., 1994) . Finally, the in vitro phosphorylated tracts. However, HeLa cells may have a relatively high IB␣ can be ubiquitinated at specific lysine residues level of constitutive kinase activity compared with nor-(K21 and K22) (Chen et al., 1995; Scherer et al., 1995) , mal (untransformed) cells. NF-B can be activated by and these residues are required for signal-induced degokadaic acid alone in transformed cells, whereas an radation of IB␣ in vivo . additional signal such as H 2 O 2 is required to activate The determination of the role of this kinase in vivo will NF-B in primary cells (Menon et al., 1993) . It is also require the identification and inactivation of the gene (s) possible that the state of phosphorylation of IB␣ in encoding the kinase complex. It is interesting in this vivo is determined by a balance between kinase and regard that heat inactivation of a mutant E1 protein rephosphatase activities, and a small up-regulation of the sults in the accumulation of unphosphorylated IB␣ in kinase would be sufficient to target IB␣ to the degradacells stimulated by interleukin-1 (Alkalay et al., 1995b) . tion pathway. It may not be possible to mimic these By contrast, stimulated cells treated with proteasome conditions in vitro, where ubiquitination enzymes and inhibitors accumulate both phosphorylated and unphosUb are in large excess. phorylated IB␣. These observations are consistent with Most, if not all, of the known NF-B inducers result the possibility that E1 is required for both the phosphoryin oxidative stress through the generation of reactive lation and degradation of IB␣ in vivo (Figure 7) . oxygen intermediates (ROIs; Schreck et al., 1991) . ROIs Ubiquitination, not Ub-dependent degradation, acticould affect the phosphorylation of IB␣ directly by activates the kinase, since proteolytic activity is not required vating an IB␣ kinase(s) or by inactivating an IB␣ phosfor IB␣ phosphorylation in the partially purified system phatase(s). Alternatively, the effect of ROIs on IB␣ (data not shown). Furthermore, proteasome inhibitors phosphorylation may be indirect. For example, ROIs do not inhibit the phosphorylation of IB␣ in vivo (Palommight trigger a stress response, which would in turn lead bella et Traenckner et al., 1994; to the phosphorylation of IB␣. A possible connection al., Chen et al., 1995) or in vitro (Scherer et al., between ROIs and the Ub-proteasome pathway is pro-1995; data not shown). In addition, the activation of the vided by certain proteins (e.g., RNase A) in which mild IB␣ kinase in vitro correlates with the accumulation oxidation of methionine residues greatly increases their of multiubiquitinated conjugates that are not degraded susceptibility to ubiquitination (Hershko et al., 1986 ). (Figure 6 ). Finally, in contrast with MeUb, in which all IB␣ not only is phosphorylated in response to a variseven lysine residues are blocked by methylation, a Ub ety of extracellular signals; a basal level of phosphorylamutant (K48R) that cannot form multi-Ub chains through tion is also observed (reviewed by Verma et al., 1995) . K48 is still capable of stimulating the IB␣ kinase activity
The basal phosphorylation sites have been mapped to (data not shown). K48-linked multi-Ub chains are the C-terminal casein kinase II sites in the PEST region thought to be specifically recognized by the 26S proteaof IB␣, and S293 is the preferred site of phosphorylation some (Chau et al., 1989) . However, multi-Ub chains with (Barroga et al., 1995; Kuno et al., 1995) . Deletion of a linkages through lysine residues other than K48 also C-terminal region of IB␣ that includes the PEST seexist in cells, and they play important roles in stress quence or mutation of the basal phosphorylation sites response (Arnason and Ellison, 1994) and DNA repair does not prevent the inducible phosphorylation of IB␣ (Spence et al., 1995) . It is possible that different multi- Ub (Brown et al., 1995;  Traenckner chain configurations may be involved in the regulation of et al. Whiteside et al., 1995; Verma et al., 1995) . protein activity, rather than proteolysis (Arnason and Consistent with this result, we find that deletion of the Ellison, 1994).
C-terminal 75 amino acids of IB␣ does not prevent the Although we have shown that a component of the kinase described here from phosphorylating this mutant partially purified kinase is ubiquitinated in vitro, and that (data not shown). this event is required for the kinase activity, we have NF-B is an attractive target for drug design and theranot identified the target of ubiquitination. This target peutic intervention because of its involvement in many could be the kinase or an essential component of the pathological conditions, such as inflammation, autoimkinase complex. This covalent modification of the IB␣ mune disease, cancer, and viral infection. A number of kinase complex could activate the kinase by inducing studies have shown that the inhibition of NF-B activity a conformational change, or ubiquitination could inacticould have profound physiological effects (reviewed by vate a kinase inhibitor. Several cyclin-dependent kinase Verma et al., 1995) . Recent studies of the mechanism inhibitors, such as p40 SIC1 (Schwob et al., 1994 ) and p27 of NF-B activation have provided new targets for drug (Pagano et al., 1995) , have been shown to be targets of intervention. The identification of a novel IB␣ kinase the Ub-proteasome pathway. However, none of these and the ubiquitination enzymes required for its activaappears to be inactivated by ubiquitination alone.
We have shown that a ubiquitination event is required tion provides new opportunities for inhibiting aberrant for the activation of the IB␣ kinase in vitro, but we have NF-B functions. not determined whether this event is regulated in vivo. It is possible that the kinase activity is constitutive in vivo
Experimental Procedures
and IB␣ phosphorylation is controlled by inactivation of a phosphatase. Alternatively, the kinase activity is Plasmids, Proteins, and Antibodies regulated by signals that induce NF-B. The former poscDNAs encoding IB␣ and its mutants have been described previously Chen et al., 1995) .
35 S-labeled IB␣ sibility is consistent with the observation that okadaic
